comonomeric units in the PB chains, crystallization from the melt directly into phase I was reported for the first time [7] . Layered silicates have been traditionally chosen as nanofillers due to their wide availability and relatively low cost. Most of the research in this field has been centered on smectite-type materials, such as montmorillonite or hectorite, which are commonly found in nature, but they can not be easily synthesized. On the contrary, layered double hydroxides (LDH) have been much less employed as nanofillers. The formula of LDH can be generalized as |M x 2+ M 1-x 3+ (OH) 2 | intra |A x/m m-·nH 2 O| inter , where M 2+ and M 3+ are metal cations, A are the anions and intra and inter designate the intralayer domain and the interlayer space, respectively. The structure of LDH derives from brucite, i.e. Mg(OH) 2 , with layers obtained by isomorphous substitution of divalent cations. The replacement of Mg 2+ by M 3+ ions generates a net positive charge that is balanced by incorporation of anions in interlayer space. Differently from smectite-type clays, LDH are much more prone to be synthesized. LDH have high charge density and a high content of interlayer anions and water molecules, resulting in strong electrostatic interactions between the sheets and strong hydrophilic properties. As a consequence, LDH layers are very tightly stacked and are quite difficult to exfoliate [8] [9] [10] [11] [12] . Never LDHs were applied for the preparation of PB-based nanocomposites, although these fillers showed a big potential. Perkalite is especially interesting due to the advantage of being compliant with the European Union regulations for materials coming into contact with foodstuffs [12] . In the cited work on PB-based nanocomposites, an interesting affinity of PB with clay emerged. Differently from what normally happens with polypropylene or polyethylene, a rather extensive reduction of clay tactoid size could be achieved in PB [4] [5] [6] [7] . This feature and the compatibility of PB with polypropylene open a potential for PB as a highly performing vector to include clay within a polypropylene matrix. The classical approach to pursue this objective is the use of maleated polypropylene as a compatibilizer [13] . Despite the big amount of research carried out on this subject, the recent literature shows just very marginal improvements with respect to previous results [14] : a change in perspective is necessary in the preparation techniques of these materials. The use of masterbatches based on a highly performing material such as PB to introduce clay into an otherwise recalcitrant matrix such as polypropylene can be an example of such novel approach. In this work, the preparation and the characterization of a series of clay-PB nanocomposites are reported. Such materials will be used as masterbatches to be subsequently included into polypropylene matrices [15] . In this paper, focus will be posed on the characteristics and properties of the materials, in order to evaluate their physical mechanical performance and also to investigate the effect of clay on the rate of II!I phase transition. The structure, morphology and phase transition of the materials were studied by wide-angle X-ray diffraction (WAXD), small-angle X-ray scattering (SAXS), differential scanning calorimetry (DSC) and transmission electron microscopy (TEM).
Experimental 2.1. Materials and sample preparation
The samples were prepared using PB0300M, a commercial isotactic poly(1-butene) produced by LyondellBasell Polyolefins (Ferrara, Italy) (M w -= 284196 g/mol, M w -/ M n -= 3.6, density = 0.915 g/cm 3 ). The melt flow rate of this matrix was 4 g/10 min (190°C, 2.16 kg according to ASTM D-1238) and 70 g/10 min (190°C, 10 kg according to ASTM D-1238). As compatibilizer, Polybond 3200 (Chemtura, Middlebury, CT, USA), a maleated PP (MFR = 115 g/10 min ASTM D-1238 at 190°C and 2.16 kg, 1% w/w maleic anhydride, density = 0.91 g/cm 3 ) was used. Perkalite is a synthetic hydrotalcite clay, treated with anionic surfactants (Akzo Nobel Polymer Chemicals, Deventer, The Netherlands). In particular the Perkalite F100 grade was employed, where the anion surfactants are hydrogenated fatty acids. The components were mixed in a reciprocating single screw extruder, Buss MDK 70 (Pratteln, Switzerland). The extrusion average temperature was 180°C, the residence time was 80 s. The profile of the employed screw was obtained by that normally used with talc by the elimination of restriction rings to optimize distributive mixing and residence time [13] . Table 1 summarizes the formulation of the samples employed. To rule out the effect of processing, also the matrix polymer alone was subjected to extrusion at the same conditions of the composites. For the subsequent WAXD, SAXS, DSC and PLOM analyses and for the study of the II!I transition, test specimens were prepared from both the matrix and the composites by melting aliquots of the samples between two aluminum plates in a press at 170°C for 10 min, in order to cancel any previous thermal history, and then quenching the specimens to room temperature by immersion in ice. Specimens 1 mm thick were so obtained. Tests were also made by slowly cooling, at 10°C/min, the samples from the melt, but the results did not change with respect to the quenched ones. Samples for mechanical testing were prepared by injection molding, as described in paragraph 2.7.
Wide angle X-ray diffraction
WAXD patterns were recorded in the diffraction angular range 1.5-40° 2! by a Philips X'Pert PRO (Almelo, The Netherlands) diffractometer, working in the reflection geometry and equipped with a graphite monochromator on the diffracted beam (CuK " radiation). Transmission patterns were also recorded in the diffraction range 5-40° 2! by a diffractometer GD 2000 (Ital Structures, Riva del Garda, Italy) working in a Seeman-Bohlin geometry and with a quartz crystal monochromator on the primary beam (CuK "1 radiation). Results were the same either in the transmission and reflection mode, so it was concluded that no difference in structure and morphology existed in the samples between the bulk and the surface. The data presented in this paper were gathered in the reflection geometry. The application of the least-squares fit procedure elaborated by Hindeleh and Johnson [16] gave the degree of crystallinity by weight. The estimate of the degree of crystallinity was made after completion of the II!I phase transition, in order to rule out the effect of polymorphism and of the post crystallization, during which part of the amorphous polymer crystallizes in phase I [17, 18] . The phase transition II!I was followed observing the WAXD patterns and estimating, as a function of time, the ratio A t /A 0 , where A t represents the area under the peak at 11.9°2 !, i.e. the (200) reflection of phase II, at time t, and A 0 is the area of the same peak just after crystallization from the melt. Right after quenching from the melt, the samples were immediately mounted in the diffractometer, so the WAXD data at t = 0 relative to the reflections above were acquired in 10 minutes.
Small angle X-ray scattering
The SAXS patterns of the samples were recorded by a MBraun (Graz, Austria) system, using a CuK " radiation from a Philips PW 1830 X-ray generator. The data were collected by a position sensitive detector and were successively corrected for blank scattering, desmeared and Lorentz-corrected. A fitting method of SAXS patterns was developed on the basis of a theoretical model [19] [20] [21] [22] [23] referring to the Hosemann model [24] , that assumes the presence of lamellar stacks having an infinite side dimension. This assumption takes into account a monodimensional electron density change along the normal direction to the lamellae.
Transmission electron microscopy
TEM analyses were performed by a Philips CM 120 (Eindhoven, The Netherlands). Samples were stained by RuO 4 and cryomicrotomed. Sections about 100 nm thick were obtained and analyzed.
Polarized light optical microscopy
The spherulitic morphology of the samples was studied with a Leica DM400M (Wetzlar, Germany) polarized light microscope. The samples were placed between a glass slide and a cover slip and were kept at 170°C for 10 min, to ensure uniform melting and to delete their thermal history. The slide was then transferred to a Mettler FP82HT (Columbus, OH, USA) hot stage set at 95°C. Photomicrographs were taken between cross-polarizers with a Leica DFC280 (Wetzlar, Germany) digital camera. 
Differential scanning calorimetry
All the measurements were carried out with a TA Instruments mod. 2920 (New Castle, DE, USA) calorimeter operating under N 2 atmosphere. Polymer samples weighing about 5 mg closed in aluminum pans were used throughout the experiments. Indium of high purity was used for calibrating the DSC temperature and enthalpy scales. In order to determine the samples' crystallization temperature (T c ), their thermal history was cancelled by a 5 min long isotherm at 170°C, subsequently the samples were cooled down to room temperature at 10°C/min. T c was the temperature corresponding to the maximum in the exothermic peak.
Physical mechanical properties
The specimens for mechanical testing were prepared by injection molding in accordance with ISO 294, treated for 10 minutes in autoclave at 2000 bars and conditioned for 40 h at 23±2°C and 50±5% relative humidity following ISO 291. All the samples were prepared with the same processing parameters to allow a proper comparison, because the preparation step affects the resulting properties. All the mechanical tests were performed after completion of the II!I phase transition. The flexural and elongational properties were determined in accordance with ISO 178 using a Model 4301 instrument (Instron, Norwood, MA, USA) on injection moulded specimens, prepared following ISO 294-1 (length = 80±2 mm, width = 10±0.2 mm and thickness = 4.0±0.2 mm). Impact strength was measured with a 6545 pendulum-type hammer (Ceast, Pianezza, Italy) striking a notched specimen with a 0.05 mm notch (ISO 180). Table 1 summarizes the composition of the considered samples. The formulation of the specimens allowed also to study the effect of compatibilization, because 4 of the composite samples were compatibilized with an amount of polypropylene grafted with maleic anhydride (PP-g-MA) (1% w/w) equal to that of perkalite, whereas two of the composites did not contain any compatibilizer. The polymeric matrix will be designated in the rest of this paper as PB0. One of the aims was in fact to investigate if these different formulations could attain different composite morphologies and dispersions of the filler in the matrix, therefore studying its effect on the polymer semicrystalline framework and on the rate of phase transformation. The morphology of the composite was in fact shown to be key for the property improvement, for the stability of the metastable phase and also for the acceleration of the rate of the II!I transition [4] [5] [6] [7] . WAXD was used to follow the phase transition, acquiring diffractograms at different times after cooling from the melt. Figure 1 shows the WAXD patterns at t = 0, i.e. immediately after quenching from the melt, of the considered samples. The reflections relative to the tetragonal phase II are three main peaks at 11.9, 16.9 and 18.4° 2!, due to the (200), (220) and (301) planes. The hexagonal phase I is characterized by four signals at 9.9, 17.3, 20.2 and 20.5° 2!, originated by the (110), (300), (220) and (211) planes [25] . Mixed I/II polymorphism is displayed just by sample PB10, and to a lesser extent by PB5 and PB0. In these samples, a small amount of phase I is present since time 0, as especially evidenced by the small (110) peak visible at 9.9° 2!. It has already been noted that in PB-based nanocomposites filled with layered silicates, some phase I can coexist with phase II right after cooling from the melt. This is due to the appearance of a defective population of phase II crystals, which very rapidly transforms into phase I [7, 25, 26] . All the other samples showed, right after melting, 100% phase II. In Figure 1 , an increasing peak located at 14.1° 2! is evident in the samples containing the largest amounts of clay. This is ascribable to the increasing quantity of PP-MA compatibilizer, and corresponds to the (110) peak of the " phase of polypropylene. The presence of this compatibilizer should therefore be taken into account as a material seriously capable to influence the structure, material and properties of the composites. Figure 2a shows an example, for sample PB10, of the evolution of the WAXD patterns as a function of time. Analyzing these diffractograms, it was possible to follow and quantify the kinetics of phase transformation in the studied samples. Figure 2b shows for example the rate of disappearance of phase II as a function of time, extracted from the data in Figure 2a . For the quantification of the kinetics of the II!I phase transition, the disappearance of phase II, rather than the increase in phase I, was followed because it is known that, together with the phase transition, a post-crystallization phenomenon takes place, during which part of the amorphous polymer crystallizes in phase I [17, 18, 25, 27] . The calculations were also done considering the amount of phase II as a ratio of the sum of the peaks of phases I and II [25] , obtaining analogous results because the initial amount of phase I was almost always negligible. Table 2 shows the trend of the degree of crystallinity measured on the samples before and after the phase transition, and Figure 3 shows the evolution of crystallinity as a function of time for sample PB5. A clear increase in the crystallinity can be observed, confirming that a post-crystallization process indeed happens. An increase in crystallinity occurs with aging time, reaching a plateau around 70 h. On the basis of diagrams such as those displayed in Figure 2b , the half time of II!I phase transition, t 1/2 , could be assessed. The experimental points were fitted with an exponential function (also displayed in Figure 2b ). The analytical function so obtained was used to calculate t 1/2 , i.e the time needed to reduce by 50% the initial phase II content. Table 3 shows the t 1/2 for the studied samples. For comparison purposes, in this same table the t 1/2 for a composite based on the same PB matrix containing 5% montmorillonite clay and 7% compatibilizer is also shown (this sample is labeled PB5M in Table 3 and further details on this sample can be found in Ref. 6 ). This sample is a suitable benchmark for assessing the role of perkalite, because it displayed a morphology of clay dispersion very similar to the one detected in the samples described Figure 3 . Evolution as a function of time of the crystallinity, evaluated by WAXD, for sample PB5 in this work: a reduction in tactoid size, with some degree of intercalation [6] . Two groups of samples can be identified. The composites containing the lesser amount of perkalite, PB5 and PB10, displayed a sharp increase in the rate of phase transition, with a much reduced t 1/2 with respect to that of pristine PB. It is also worth noting that some residual phase II remained after 5 days, indicating that the phase transformation does not go to completion. The lowest amounts of residual phase II was observed in samples PB5 and PB10, i.e. those with the fastest II!I phase transition.
Results
As will be better detailed in the discussion section of this paper, in order to better interpret the reasons of these increases in the rate of phase transformation, it is necessary to thoroughly characterize the structure and morphology of the composites. The effect of clay on the regular arrangement of the semicrystalline framework can be assessed by the trend of the degrees of crystallinity in Table 2 . A decrease in " WAXD can be observed before and after the phase transformation. The detrimental effect of clay on the regularity of the crystalline cell is well known [3, [28] [29] [30] . The disruptive effect of clay was not limited to the crystalline cell, but it extended also to the lamellar morphology, as evidenced by SAXS data. Figure 4 shows the SAXS patterns obtained for the considered samples. The neat PB matrix shows a quite defined peak whereas, with an increasing perkalite content, such peak becomes weaker and shifts progressively towards wider angles. The experimental traces due to the matrix and to the composite samples were fitted according to a method [19, 20, 24] which was shown [23] to reliably determine the thicknesses and distributions of the crystalline and amorphous layers, the long period and the crystallinity, along with their distribution, associated to lamellar stacks. The results are shown in Table 4 . The patterns relative to samples PB15 and PB20 had signals so weak that they could not be fitted. The data in Table 4 confirm the shift of the long period that could be qualitatively detected on the SAXS traces. It is interesting to note that the samples with the lowest degree of crystallinity as measured by SAXS were PB5 and PB10, i.e. those with the fastest phase transition. Comparing the data in Tables 2 and 4 , it can be seen that the crystallinities assessed by SAXS have larger values relative to those estimated by WAXD. This divergence can be explained considering the difference between the two techniques. SAXS is only sensitive to the crystalline regions organized in lamellar stacks, whereas WAXD allows the detection of all the regions contributing to the semicrystalline framework, including the amorphous phase located between the lamellar stacks. Therefore WAXD crystallinity is lower because the contribution of crystalline domains is 'diluted' by the interstack amorphous parts. It is also striking that all the samples, including PB0, have an extremely low average number of lamellae per stack, which decreases with increasing perkalite content. A further observation that can be made on the data in Table 4 is that the distribution of the thicknesses of the crystalline (# C /C) and amorphous layers (# A /A), and of the long period (# D /D) is broadened by an increasing perkalite content, when the compatibilizer is used. On the other hand, in the uncompatibilized composites such distribution is significantly narrower than that of the matrix. Apparently the presence of the compatibilizer poses an obstacle to the regularity of the lamellar stacks and to the homogeneous distribution of the layers which compose the stacks. WAXD and SAXS were used to evaluate the degree of dispersion of clay in the polymer matrix. Figure 5 and 6 show the results of such analyses. Neat clay displays, both in WAXD and SAXS, a single peak correspondent to a d-spacing of 36 Å, which should be attributed to the reflections from the (003) family of crystallographic planes [31] . The d 003 can be termed the interlayer spacing and includes a contribution from the metal hydroxide layer and the gallery that contains the intercalated anions [31] . It may be seen in Figure 5 that the basal peaks of clay in the composites are not significantly shifted with respect to that of pristine clay. The periodicity values obtained from the position of the basal peaks are quite constant throughout the samples and are all equal to about 35 Å. This is consistent with the presence of a non-intercalated population of tactoids which retains the interlayer spacing of pristine clay. SAXS allowed to complement this information, investigating a range of interlayer distances beyond the low angle limit of WAXD. In Figure 6 SAXS spectra gathered on the composites are shown, along with the SAXS pattern of neat perkalite. It is known that the width of diffraction peaks is related to the size of the diffracting domains. The basal peaks detected by WAXD were very broad, indicative of rather small non-intercalated tactoids. Such small tactoids did not produce a signal intense enough to be detected by SAXS in an angular position close to the wide-angle limit of SAXS, so the non-intercalated population of tactoids was not visible in the SAXS traces. On the other hand, neat perkalite yielded a detectable SAXS signal located at about 30 Å -1 because the pristine filler has very large and very ordered tactoids, which give rise to a rather intense SAXS peak. SAXS evidenced that, along with the non-intercalated tactoid population observed by WAXD, another population was present, which was composed by intercalated tactoids. A clear shift in the SAXS peak is observed for the composites with respect to the neat perkalite, indicating a significant degree of intercalation. A quantitative estimation of the average size of the clay stacks was performed by fitting procedures of the SAXS traces. On the basis of theoretical models which are functions of the morphological features of tactoids, calculated SAXS spectra were generated to reproduce experimental ones, allowing an evaluation of the mean number of layers, their spacing and distribution [22] . The fitting showed that the average number of layers per each intercalated stack was about 5 for all the composites, indicating a significant degree of interaction between polymer and filler. TEM was used to complement and to amend one of the limitations of SAXS, i.e. that SAXS alone is not able to assess the proportion of intercalated tactoids, with respect to the total amount of clay. TEM confirmed that clay is not exfoliated. However, low and high magnification TEM micrographs showed that the size of tactoids is very small, coherently with SAXS data (Figure 7 ). It has been argued that this latter situation, i.e. reduction of the size of tactoids to just two or three layers, can be considered practically equivalent to exfoliation, as far as properties are concerned [6, 30, [32] [33] [34] . The nucleation behavior of perkalite was also studied, by DSC and PLOM. Figure 8 displays two exemplary micrographs of samples PB0 and PB5 which show that the size of spherulites after 10 minutes of isothermal crystallization at 95°C was much larger in the neat matrix, than in the composites. This is due to the nucleating ability of perkalite, which was confirmed by the increase in the non-isothermal crystallization temperature measured by DSC. In fact, in the cooling ramp from the melting tempera- ture to room temperature, the position of the crystallization peak shifted from 76°C of PB0 to 88°C of the composites. The physical mechanical properties were extremely similar to those measured on analogous montmorillonite-containing samples (Table 5 ) [6] . With increasing perkalite content, an increase in modulus was observed, up to an improvement, in sample PB20, of 81% with respect to the neat matrix. This higher rigidity of the samples, though, was obtained at the expense of ductility, because the impact strength and the elongation at break severely decreased as a function of perkalite content.
Discussion
Poly(1-butene) is an interesting polymer for the scientific community and for the industry because it displays very promising physical mechanical properties, at the same time suffering the drawback of a slow phase transition which so far reduced its applicative potential. The purpose of this paper was to contribute in shedding light on the relationship between the morphology of poly(1-butene)-layered silicate nanocomposites and the rate of II!I phase transition. In this work, it was seen that the compatibilized composites with a low perkalite content, i.e. samples PB5 and PB10, have a much faster II!I phase transition with respect to the pure PB matrix. Comparing the results obtained in this work with analogous composites prepared by adding montmorillonite clay (Table 3) , it can be seen that the half-time of transformation is just 2.2 h with montmorillonite, and 5.7 h for perkalite. The half-time of II!I phase transition of pure PB was 13.5 h. Montmorillonite is therefore more efficient than perkalite in increasing the rate of phase transition. Previous results indicated that the phase diagram of poly(1-butene) depends on the balance between homogeneity of the system and rate and regularity of crystallization [7] . In cases like this of poly(1-butene), the Ostwald's rule [35] is valid, which states that phase transformations will always proceed through stages of metastable states whenever these exist. In such cases, the crystallization pathway involves the formation of the nuclei in the metastable phase, followed by growth in this phase and eventually by a transition into the stable form [36, 37] . The stability of such metastable state is critically dependent on the relative free energy content of the liquid (melt), metastable (phase II) and stable (phase I) crystal phases. Events that decrease the entropy of the melt (i.e. stiffening of the chains, orientation or formation of mesophases), or that increase the free energy of the crystalline phase (i.e. decrease of crystal perfection or reduction of crystal size) modify the region of existence of the metastable phase [36] and have therefore important consequences on the kinetics of the transformations also, because they influence the size of the critical nuclei [36, 37] . High pressure treatments, that act on the entropy of the melt, are industrially employed to quickly transform PB into phase I. At a molecular level, it has been argued that the stress exerted by the amorphous layers or tie molecules on the crystalline cores accelerates the phase transition [38, 39] . Layered silicates, which are usually preferentially distributed in the amorphous phase within spherulites [40] [41] [42] , were shown to partly mimic this entropic effect by locally increasing the pressure on the nascent crystalline domains [7] . It was observed that large montmorillonite aggregates were desirable in delivering this effect, because small tactoids are too flexible and they are not able to exert pressure on the macromolecular chains [43] [44] [45] . This is confirmed by our results. All the composites had small tactoids, with an average number of layers per tactoid of just 5. Moreover, perkalite layers, as those of other layered double hydroxides, are more fragile in nature than montmorillonite-type clays [46] [47] [48] , and so they are less able to put pressure on the nascent crystalline domains, and so they increase the rate of II!I phase transition less than bulkier montmorillonite tactoids. Concurrently with the effect on the entropy of the melt, the filler also affects the free energy of the crystalline phase. Perkalite, like montmorillonite clay, exerts this role by decreasing the perfection of the crystals, as reflected by the above reported decrease in the degree of crystallinity found by WAXD and SAXS, with respect to the neat matrix.
Rather than the disruption of the regular ordering at a crystalline cell level, the effect on the lamellar morphology seems to be preponderant. The crystallinity associated to the lamellar stacks, " SAXS , is lower in samples PB5 and PB10, whereas it increases in PB5NoC and PB10NoC, with a trend that reflects the II!I phase transition half-times. Moreover, a disturbing effect due to the presence of the compatibilizer was observed, which was reflected by a broadening of the distribution of the thicknesses of the lamellar stacks. This explains why larger amounts of perkalite, i.e. samples PB15 and PB20, and the absence of compatibilizer, i.e. PB5NoC and PB10NoC, proved to be detrimental for the rate of phase transition: the t 1/2 was comparable to that for the neat PB matrix. Thus, although a blank poly(1-butene)/compatibilizer sample with no clay was not prepared and analyzed in this work, on the basis of our data we could infer that the compatibilizer does not favor an increase of the rate of II!I phase transition, confirming what was already reported elsewhere in the case of montmorillonite-based composites [7] . This large effect of the crystallinity at a lamellar level is also in agreement and contributes to explain previously reported results, according to which the nucleation centers of the II!I phase transition are located in the lamellar distortion points [17, 49] , i.e. larger inhomogeneity in the lamellar structure brings about the earlier appearance of phase I domains.
Conclusion
Nanocomposite samples were prepared by adding perkalite to a matrix of poly(1-butene), in order to study the effect of this particular kind of clay on the rate of II!I phase transition of the matrix. Perkalite was found to increase the rate of II!I phase transition with respect to the neat matrix, albeit less dramatically than montmorillonite. The fragility of perkalite layers and the substantial reduction of the tactoids did not allow to influence the entropic factor to the phase diagram of poly(1-butene), because the filler was not able to locally increase the pressure on the nascent crystalline domains.
The reduction of the size of perkalite tactoids confirmed that poly(1-butene) is very efficient in homogeneously dispersing the filler, thereby justifying the use of the materials produced in the present study as viable masterbatches for the production of polyolefin-based nanocomposites. Therefore, a further development of this work, which will be more completely discussed in a further article, will be to exploit the good propensity of poly(1-butene) in dispersing layered fillers more efficiently than other polyolefins, and to use these materials as masterbatches for the preparation of polymer nanocomposites with a polypropylene matrix. 
